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1T -TiSe2 is a quasi-two-dimensional transition metal dichalcogenide, which exhibits a charge density wave
transition at a critical temperature of ∼200 K as well as low-temperature superconductivity induced by pressure
or intercalation. The electronic energy dispersion measured by soft x-ray angle-resolved photoemission is not
only momentum resolved parallel to the surface but also perpendicular to it. Experiments are compared to
density functional theory based band structure calculations using different exchange-correlation functionals. The
results reveal the importance of including spin-orbit coupling for a good description of the experimental bands.
Compared to calculations within the local density approximation, the use of the modified Becke-Johnson (mBJ)
exchange functional leads to a band structure that does not need an artificial downwards shift of the valence band
to fit the experiment. The mBJ functional thus clearly appears as the most adapted functional for the theoretical
description of the 1T -TiSe2 band structure within the DFT framework.
DOI: 10.1103/PhysRevB.91.235129 PACS number(s): 71.20.−b, 79.60.−i, 71.15.Mb
I. INTRODUCTION
Transition metal chalcogenides (TMDC) recently attracted
strong interest in the context of various topics including
quantum phase and metal-insulator transitions as well as
superconductivity [1,2]. In particular, 1T-TiSe2 is a quasi-
two-dimensional (2D) transition metal dichalcogenide which
exhibits a phase transition towards a commensurate (2 × 2 ×
2) charge density wave (CDW) [3,4] and an expected excitonic
insulator [5–7] phase below ∼200 K. In the past few years,
it has attracted a renewed interest due to the discovery of
a superconducting phase induced by pressure [8], or by Cu
atom intercalation [9], and a proposed chiral-type of the CDW
[10–12].
Although 1T-TiSe2 is a quasi-2D-material, parts of its
electronic structure exhibit three-dimensional (3D) character
and its precise band structure is not truly known. Many
angle-resolved ultraviolet (UV) photoemission experiments
have been carried out (for a review see, e.g., Refs. [13,14]),
but complementary soft x-ray angle-resolved photoemission
spectroscopy (SX-ARPES) experiments are lacking so far.
At soft x-ray photon energies, the photoelectron mean
free path is larger, thereby minimizing the intrinsic limit
of the UV ARPES measurement’s surface sensitivity and
momentum-resolution perpendicular to the surface (kz)
[15–17]. Therefore SX-ARPES experiments give access to the
bulk electronic structure of the material with high resolution
in kz and allow to compare the experimental data to extended
band-structure calculations.
With respect to experiments reporting a chiral CDW phase
in 1T-TiSe2 and the presence of electron correlation effects
via the formation of electron-hole pairs (excitons), it is of
great interest to investigate the strength of spin-orbit (SO) and
band renormalization effects, respectively. In the case of SO
coupling, it is well known that degenerate energy levels may
split, and if inversion symmetry is broken, spin-split bands
may appear [18]. Previously, SO effects have been identified
in the transition metal dichalcogenides 1T-TaS2 and 1T-TaSe2
[19]. DFT calculations have been applied to the CDW phase
of 1T-TiSe2 by Zhu et al. [20] in order to investigate the origin
of the CDW, and have shown a strong dependence of the
total energy on the exchange-correlation functional indicating
a crucial role of electron correlations.
In this paper, we present SX-ARPES measurements of the
1T-TiSe2 band structure performed for different photon ener-
gies, probing different high symmetry planes in the Brillouin
zone (BZ). We compare our experimental results to extensive
band structure calculations within the DFT framework and
using different exchange-correlation functionals. Our results
demonstrate the importance of SO coupling in 1T-TiSe2 and
reveal that the choice of the exchange-correlation functional
is determinant for a good description of its electronic band
structure by DFT.
II. EXPERIMENT AND CALCULATIONS
The electronic structure of 1T-TiSe2 has been measured
at the soft x-ray ARPES endstation of the advanced resonant
spectroscopies (ADRESS) beamline at the Swiss Light Source.
The description of the experimental geometry can be found
elsewhere [15,17]. The slit of the analyser PHOIBOS-150 was
oriented perpendicular to the incident x rays. The total exper-
imental resolution was ∼120 meV. The sample was cleaved
in situ at 11 K. The experiments probed the electronic structure
in the LAM plane of the BZ (see inset of Fig. 1) using photon
energies in steps of 10 eV in the range from 910 to 990 eV.
Evaluating the symmetry and shifts in the band positions of
the measured data, the M- and L-A paths are probed by
using 910 and 980 eV photon energy, respectively. Although
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FIG. 1. (Color online) Band-structure calculations of the (1 × 1 × 1) unreconstructed bulk unit cell of 1T-TiSe2. (a) Comparison of the
band structure along the M path obtained with the different exchange-correlation functionals. Dashed brown lines mark the effect of the mBJ
exchange functional on the band gap, increasing the separation of occupied and unoccupied bands. (b) Full band structure calculated using
LDA and mBJ exchange-correlation functionals, the latter with SO coupling.
the measurements have been done at low temperature, in the
CDW phase, the bands follow well the calculations of the
original unreconstructed structure (see below).
The DFT calculations have been performed using the
WIEN2K package [21] by considering different exchange-
correlation functionals implemented within this package,
namely the local density approximation (LDA) [22], the
generalized gradient approximation (GGA), and a combination
of the modified Becke-Johnson exchange potential (mBJ) and
the LDA approximation of the correlation potential [23]. In
fact, the mBJ functional is an approach that has demonstrated
the ability to predict band gaps and band orders with the
same accuracy as computationally expensive GW calculations
[23]. This has been confirmed for the two transition metal
dichalcogenides TiS2 and TiTe2 [24].
All functionals have been used with and without SO cou-
pling and the calculations carried out for the nonreconstructed
structure (normal phase) using the tabulated experimental
values of the 1T-TiSe2 structure [25]. The lattice parameters of
the primitive cell were set to a = b = 3.54 ˚A and c = 6.008 ˚A
and the position of the atoms within the structure were (0,0,0)
and (1/3,2/3,0.25504) for Ti and Se, respectively. 1T-TiSe2
crystallizes in the P ¯3m1 space group (No. 164), with a
hexagonal BZ exhibiting threefold symmetry with respect
to c axis [see inset of Fig. 1(a), where symmetry equivalent
regions of the BZ are marked]. Additional parameters used for
calculation are the threshold energy of 6.0 Ry separating the
valence from the core states, the muffin-tin radius RMT(Ti) =
2.5 bohr for Ti and RMT(Se) = 2.26 bohr for Se. A mesh of
10 000 k points was used in all cases.
III. RESULTS AND DISCUSSION
Figure 1 presents the DFT-calculated band structure ob-
tained by using the LDA, the LDA + SO, and the mBJ + SO
exchange-correlation functionals. Figure 1(a) shows a detailed
comparison of the effects of the different functional on the
electronic bands for the M path, whereas part (b) displays
the overall band structure calculation for the two most different
cases (i.e., LDA and mBJ + SO).
According to the DFT-LDA electronic structure, TiSe2 is
metallic with a band overlap of 0.6 eV between the top of the
hole pocket at  and the bottom of the electron pocket at L [see
Fig. 1(b)]. Including SO coupling [center panel of Fig. 1(a)],
does not change the valence-conduction bands overlap, but
at , the three holelike bands significantly change. Note that
the effect of including SO coupling on the band structure is
qualitatively identical for all the functionals.
Compared to the LDA-SO band structure, the use of the
mBJ exchange functional including SO interaction [right-hand
panel on Fig. 1(a)] further leads to downward shifts of the
holelike bands at  of up to 0.2–0.3 eV (label 1) and of lower
lying bands (at ≈−2 eV) even more. For some unoccupied
bands, the DFT-mBJ electronic structure results in an upwards
shift of 0.1 eV (label 2). As a result there is a reduced band
overlap of 0.4 eV of the hole and electron pockets at  and L,
respectively [see Fig. 1(b)]. The GGA exchange-correlation
functional (results not shown) already has the tendency in
reducing the band overlap, compared to LDA, but of much
smaller amplitude than mBJ. More generally, the effects
related to the SO interaction and the negative and positive
shifts of bands resulting from the use of mBJ are observable
throughout the BZ [see Fig. 1(b) for band structure calculations
along additional paths].
Let us now compare the DFT-calculated band structures
with the spectra measured along the M- (Fig. 2) and the
FIG. 2. (Color online) M ′--M path. (Left) Measured data, re-
gion near EF intensified. (Center and right) Measurement with
calculations superimposed, from left to right LDA, LDA + SO,
mBJ + SO, respectively, the former ones being shifted down by
−0.3eV to make the comparison easier.
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FIG. 3. (Color online) L′-A-L path. (Left) Measured data. (Cen-
ter and right) Measurement with calculations superimposed, from
left to right LDA, LDA + SO, and mBJ + SO, respectively, LDA and
LDA + SO again shifted downwards by −0.3 eV.
L-A high symmetry lines (Fig. 3), as well as in the -A-L-M
plane, halfway between the  and A high-symmetry points
of the BZ (Fig. 4). In Fig. 2, the experimental data obtained
by probing the M′M path of the BZ are compared with the
different calculations. The band structure is symmetric for this
path (see the BZ scheme, Fig. 1). The region, around , close
to EF , is plotted with enhanced intensity and contains the top
of the three (holelike) Se 4p bands. The panels show LDA,
LDA + SO, mBJ + SO calculations (from left to right). Note
that LDA and LDA + SO calculations are artificially shifted
down by 0.3 eV to make their comparison easier. Despite
the energy shift, it is clear that LDA is not reproducing the
experiment very well at  close to EF (see marker 1). The clear
splitting of the lowest valence band observed in the experiment
is not reproduced and only occurs in the LDA-SO calculation
(see middle panel), clearly demonstrating the significant role
of SO interaction in 1T-TiSe2.
In the last panel of Fig. 2, the comparison is done
using the mBJ functional with SO coupling. There is no
more need for the artificial shifting of the band structure.
The conduction band (not visible in the experiment) lies above
EF in mBJ + SO (marker 2) and the three Se 4p bands are
better described than in the LDA + SO case since the topmost
theoretical one at  reaches slightly further out in direction
of M than for LDA + SO (marker 3). Also, the band at about
FIG. 4. (Color online) Measurement with a photon energy corre-
sponding to a cut between  and A, compared with the LDA (blue)
and mBJ + SO (green) calculations halfway between  and A. The
LDA calculation is shifted downwards by −0.3 eV.
−2.5 eV (marker 4) is lower in energy, in good agreement with
the measured data. On the other hand the lowest measured
band (around −5 eV, marker 5) has a better curvature than
LDA + SO but may be placed a bit too high in energy compared
to the experiment. However, overall, the use of mBJ + SO leads
to a good reproduction of the experimental band structure.
Note that for all exchange-correlation functionals, the
maximum of the two topmost Se 4p bands is at higher energy
than in the experiment. A likely explanation is given by
the presence of strong electron-hole interactions in 1T-TiSe2
[7,26,27], leading to a strong renormalization of the top of the
valence band. This is further supported by the ab initio GW
many-body theoretical study of the TiSe2 band structure of
Cazzaniga et al. [28], which has shown that the highest valence
and lowest conduction bands are indeed strongly renormalized,
in good agreement with the flattening of the topmost valence
bands near  shown in the experiment. Such correlations are
not considered in DFT-based calculations.
In fact, the major effect of GW compared to DFT-mBJ is
that for GW , a small indirect gap effectively opens, leaving
EF at the top of the holelike bands at  (in agreement with
experiment, Fig. 2) and the bottom of the electronlike band at
L ∼ 0.2 eV above EF . However, whereas the bottom of the
bands for GW reaches down to almost −6 eV, DFT-mBJ, with
−5.3 eV, is in better agreement with experiment. Furthermore,
the flat band between −2 and −3 eV (Figs. 1 and 2, marker
4) does not change its energy between GW and DFT-LDA
(see Ref. [28]). The calculation with DFT-mBJ, on the other
hand, appears shifted down for a much better agreement with
experiment (Fig. 2, marker 4). Therefore GW acts better
close to EF but overestimates the total band width whereas
DFT-mBJ does not renormalize close to EF but only slightly
underestimates the total band width.
From the experimental point of view, the semimetal
versus semiconductor question is discussed controversially
(for details see Ref. [29]). Indeed, the presence of a band
gap in the GW scheme indicates the presence of electron
correlations. Therefore an approach going deeper than the
conventional discussion in terms of δ-function bands is
required since the electron spectral function (measured by
ARPES) is renormalized by the correlation effects and even
an intrinsic semiconductor band structure can end up with
incoherent spectral weight crossing the Fermi level [29].
Figure 3 shows the SX-ARPES data corresponding to the
L′-A-L path along which the band structure is also symmetric
[see Fig. 1(a)]. The region near EF is enhanced in intensity
for better visibility and the panels show LDA, LDA + SO,
mBJ + SO calculations (respectively from left to right). Again,
both LDA and LDA + SO (first and second panel) need to be
artificially shifted downwards (by −0.3 eV) for a comparison
with the measured data. In this part of the BZ only the two
topmost holelike Se 4p bands remain close to EF because of
the strong 3D character (kz dispersion) of the third one [see
Fig. 1 (b)] whose maximum is shifted down by approximately
2.5 eV.
The importance of SO interaction is also clearly evidenced
in the experiment, since it shows a clear separation of the
two remaining bands (marker 1), which is only reproduced
by the calculations including SO. The comparison with bands
at higher binding energies seems to ask for a slightly larger
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downwards shift. However, a larger shift would hamper the
comparison with the bands at . This discrepancy is also
present in the case of the mBJ + SO calculation (rightmost
panel), although the bands are not artificially shifted in this
case. Here again, it shows that the overall bandwidth is not
perfectly reproduced by the DFT calculation and that the band
structure is renormalized. The position of the valence band
(marker 2) is higher in the mBJ + SO calculation than for
LDA + SO and agrees better with experiment. On the other
hand, the band crossing at about −2.5 eV at A (marker 3)
does not fit to the measured data so well. Possibly, structural
parameters of the calculations would have to be optimized, but
this is beyond the scope of the present paper.
Figure 4 finally shows the comparison between experiment
and theory for a cut through the BZ in the -A-L-M
plane halfway between  and A. Here the band structure is
asymmetric ]see BZ scheme in Fig. 1(a)]. Apart from this
asymmetry, which is nicely reproduced by the calculation, the
comparison leads to similar conclusions to those obtained for
the M ′--M and L′-A-L paths. LDA (blue) and LDA + SO
(not shown) again need to be shifted artificially and the
calculations performed without SO interaction lead to a
poor agreement with the overall experimental band structure
(markers 1 and 2). A splitting of the topmost two Se 4p bands
is clearly necessary, as it happens in the calculation when SO
coupling is introduced while moving from the left to the right
panel in Fig. 4. The mBJ potential is still better than the shifted
LDA especially in terms of the position of the conduction band
(marker 3), which is higher for mBJ (just above EF ) and not
seen in measured data. Also the band at about −3 eV (marker 4)
is lower and thus corresponds better to the experiment for mBJ.
IV. CONCLUSION
The electronic structure of 1T-TiSe2 has been investigated
combining SX-ARPES experiments and DFT calculations
using different exchange-correlation functionals. The exper-
iments show a strong dependence on the photon energy
demonstrating that this quasi-2D material has bands with 3D
character (kz dependent band structure) and that SX-ARPES
is an excellent method for probing the 3D band structure.
From the calculations and their comparison with experiment
it becomes evident that SO coupling plays an important role
in 1T-TiSe2 and that the choice of the exchange-correlation
functional is crucial for a good description of the electronic
structure.
The importance of SO coupling is most apparent close
to  and EF where it introduces a splitting of the holelike
Se p bands. Concerning the exchange-correlation functional,
the use of mBJ + SO gives good energy positions, whereas
LDA + SO consistently had to be shifted to lower energies.
Although the agreement is not perfect, the mBJ + SO succeeds
in describing most of the electronic band structure of 1T-TiSe2.
Discrepancies are observed at the top of the valence band,
where specific electron-hole correlations (not considered in
DFT) are expected to play an important role. As expected
from the use of the mBJ potential for semiconductors, the
tendency to increase the separation of valence and conduction
bands has been also observed for 1T-TiSe2.
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